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ABSTRACT

Development of an Electroplating Bath

for Fabrication of CoNiFe Thin Films

By
Siamak Sarhadi

The search for high moment soft ferromagnetic material
for use in thin film heads is becoming urgent as the areal
density in magnetic recording approaches 1 Gbit/in?2. High
density recording requires a high coercivity medium. In
order to write on a high coercivity medium the core of the
head should consist of a high moment soft ferromagnetic
material. 1In this work a plating bath was developed for a
class of ternary CoNiFe alloys which have a promise of high
saturation magnetization, Mg , as well as high permeability,
Uy, low coercivity, H, and small magnetostriction constant,
As, required for a suitable core material for thin film
heads. The optimum composition was found to be Cogy 4 Nig ,

Felo .9~
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1. INTRODUCTION

1.1 Background

Data storage systems such as magnetic tape drives,

magnetic hard disk drives, and magneto-optic drives are

under extensive research and development because of the

market demand for higher performance and larger areal

density.

The key component of a hard disk drive is the head-disk
assembly which typically consists of a head-slider and a
spinning magnetic hard disk. The rudiments of a rotary

actuator disk drive are illustrated in Figure 1.

Enclosure

Disk Stack | Electromagnetic
Actuator

Read-Write Heads

Swing Arms

Figure 1. Rigid disk file component (1),



By virtue of a hydrodynamic air bearing, a constant
separation called the flying height is maintained between
the slider and the disk. The slider is mounted to a
specially designed suspension and arm, forming the head-
gimble assembly (HGA), and a magnetic recording head is
located on the trailing edge of the slider. 1In Figure 2 a

typical HGA and the representative structure of a thin film

head are shown.

- ‘ﬂ
THIN FILM TECHNOLOGY

Planar view

C

Figure 2. (a)the thin-film cross section, (b)planar view,
(c)a double-rail film head slider, and (d)the mounted
finished head to suspension and arm(HGA).

(courtesy of READ-RITE)



As the HGA moves along the radial direction on the disk
drive the data tracks are Dbeing recorded. The
multiplication of the track density by the 1linear data
density along a track gives the areal recording density. By
increasing both linear density and track density the areal
recording density will increase, which will yield larger
capacity, lower cost/megabyte and faster access time in °
disk-drives. I.B.M started using thin-film heads in disk
drives in the mid-1970s, but the technology did not see
significant growth until 1989 or 1990. Since then, thin-£film
head shipments have doubled each year. About 17 million
thin-film heads were produced in 1989; about 33 million in

1990; 66 million in 1991; 117 in 1992 and about 200 million

in 1993(2).

1.2 Motivation

Several years ago, ferrite head technology supposedly
reached its limits with respect to machining processes and
high frequency magnetic characteristics. This started the
rush toward thin film heads. Today more and more hard disk
drives employ thin film recording heads which utilize
polycrystalline Permalloy (approximately 81 wt.% Ni and 19
wt.%¥ Fe, referred to as NiFe hereafter) material with a
saturation magnetization (M) of 8x105 Amp/m(10,000

gauss) (3), The high areal density in magnetic recording



requires a medium with high coercivity. On the other hand,
the magnitude of coercivity, Hg, in the medium determines
how densely the information can be recorded; and in order to
write on a high coercivity medium the core of the head
should consist of a high My soft ferromagnetic material.
Electroplated NiFe has Dbeen the material of choice for
present day thin film heads; by replacing NiFe with higher
saturation magnetization material and by using high
coercivity media, it will be possible to achieve both higher
linear densities and higher track densities. In binary
NiFe, when the Fe content is increased to achieve a greater

saturation magnetization, the magnetostriction, 7»5*, also

increases. A greater Ay is presumed to be a major
contributor to read back instabilities(4). Thus, a higher
M, material with a low Ag; is needed. Sputtered CoNiFe

alloys (Perminvar alloy) have long been known as a soft
magnetic material with high saturation magnetization
exceeding twice that of Permalloy. (5) However, an
electroplated CoNiFe would be a convenient replacement for
NiFe. Hence the motivation of this thesis is to develop a
plating bath for suitable ternary CoNiFe alloy composition
for thin film heads. The CoNiFe alloy, which is used in the

core of the thin film head, should have high Mg and other

* When a physically unconstrained sample is magnetized, it tends to
elongate or contract. The extent to which it lengthens along the field
direction between the randomly magnetized states and the saturated state
is Ag.
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suitable magnetization properties such as: large
permeability, Wy, low coercivity, He, and small

magnetostriction constant, Ag.

1.3 Electroplating

Electrodeposited Permalloy films have been the most
widely wused thin £ilm magnetic head core materials in
computer mass storage. The electrodeposition of Permalloy
is a low temperature process (around room temperature)
capable of producing high-permeability films in the as-
deposited state, without the need for heat treatment. The
low equipment cost, and its suitability for use in mass
production, have contributed to the success of Permalloy
electrodeposition.

In plating, an electrode can have only one potential at
a time, so for two or three reactions to take place
simultaneously at an electrode, they must take place at the
same potential. Thus, for simultaneous deposition of two or
three metals in useful form, conditions must be such that
the more electronegative potential of the less noble metal
can be reached without the use of excessive high current
density.

In the case of CoNiFe, the electrodeposition is quite
feasible because the standard potentials of Fe, Co and Ni

are close together (iron:-0.44 volts, nickel:-0.250 volts



and cobalt 0.277 volts). As a general rule, if the standard
potential of the elements is within 200 mv of one another
the codeposition would take place; otherwise, ”Ey using
complexing agents the deposition potential could be brought
close together.

The principal factors which affect the magnetic
properties of the deposited film in any electrolytic
plating process are:

a) the composition of the bath

b) the pH of the bath

c¢) the temperature of the bath

d) the current density

e} the surface structure of the cathode (substrate)

g) degree of agitation
The above factors are explored for a CoNiFe system.

In addition, a critical parameter for plating on the

existing topology is compositional homogeneity across the

thin film head structure, as is shown in Figure 3.

Lowering the )
Current Density Copper Coils
Will Lower the
Compositional
Variation for
These two Points

Top Pole ‘
(NiFe) ™~ [§

Bottom Pole® \\\4\\\,\\\ \\\4\\\ \\:‘\\j\ R

(NiFe) F/ // / /supberate / / /
K120%+T1 i

Figure 3. Sectional view of a thin film inductive head(6).




It is well known that minimizing the current density
minimizes this variation(6). Although the loweg_ current
density has better compositional wuniformity across the
topology of the thin film head, it also lowers the plating

rate which will lower the through-put.

1.4. Previous Work on Electrodeposition of Ternary CoNiFe
Alloys

Some of the earliest work on CoNiFe alloy with very low
magnetostriction was done by Tropova et al. and the results
were reviewed by Srivastava(7?). In this work alloys with
very low magnetostriction properties were deposited as 2-3
um f£ilms onto cylindrical copper rods from baths, but the
alloys were not targeted for magnetic recording and
especially thin film head manufacturing. In another
study (7, reviewed by Srivastava, it was shown that CoNiFe
obtained from Sulphamic acid baths had coercive forces of
the films increasing but their saturation magnetization
decreasing with increasing nickel content.

Some extensive work in this field with focus on thin
film heads was done by Omata(5). Omata studied the magnetic
properties of CoNiFe films with high saturation
magnetization prepared by evaporation and electrodeposition.

The basic bath composition used is shown in Table 1.



Table 1. Basic bath composition for electrodeposition of

CoNiFe(S) .
Composition Weight/literxr
NiSO4 - 6H20 240 g/1
FeS04 - 7H20 98 g/1
CoS04 - 7H20 16 g/1
H3BO3 40 g/1
Saccharine Na 1.5 g/l
Na lauryl sulfate 0.25 g/1

The bath pH was around 2.4, and the bath temperature
around 50 * 2 °C. In this work, by keeping the bath
condition unchanged, the various CoNiFe ternary alloys were
plated by changing the current density as: J= 4, 8, 10, 15
and 20 mA/cm?. The current density versus electrodeposition
composition is shown in Figure 4. Omata obtained a
composition: of Fe4ugCoygNizs with relatively good soft
magnetic properties and high Bg around 17 to 18 Kgauss,
however the magnetostriction, Ag, was positive with value of
around 1.8 x 10-5. He concluded that for obtaining a small
Ag the addition of a fourth element is necessary.

Although Omata's work was very extensive and he
explored 27 different compositions, in his research he
overlooked the nonmagnetostrictive composition line of the

CoNiFe system as illustrated in Figure 5.



Film composition ( at\y )

EPHA-spec.

Jedah/ca® JelSeh/ca® J+30eA/ca?

100 ,.—
fe Co Xi fe Co NXi Fe Co X
80 | \ g Fe
A O i Coe
Ni ‘ A Ni
60 }
Fe

W} > A

Co

~—0=—0— ——Qgm———g—————— —- 0= —

20 } /
B

Figure 4. Current density versus f£ilm composition(S).
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Figure 5. Non-magnetostrictive compositions of CoNiFe

system(4)

Anderson et al.(4) used the line of non-

magnetostrictive compositions of CoNiFe films which had been
generated by C.H. Tolman(8) and patented a series of CoNiFe
alloys with small magnetostriction(A;) for thin £ilm heads.
A thin film head with high saturation magnetization will
write well, but it is well understood that in order to be
stable during the reading period the magnetostriction should

be close to zero. A positive magnetostriction will not have

10



the desired reading characteristic. Omata's work presents

the Bg, H., and the Curie temperature of CoNiFe-based thin

films as a function of composition. This is -<Shown in
Figures 6 and 7, respectively.
80 20 _‘D— Bs “cltlt]

NQ' He {Oe)

Fe 80 60 40 20 CO
Fe (aty)

Figure 6. The B; and H, of CoNiFe-based thin films(5).
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Fe 80 60 40 20 C
Fe (at\)

Figure 7. The Curie temperature of CoNiFe-based thin

films (5) .

12



Anderson's patent(4) refers to a series of prior art
patents (U.Ss. Pat Nos 3,297,418; 3533922; 4,036,709;
4242710; and 4430171.) for CoNiFe-plated alloy wiéﬁ low Co
concentration, and claims that a high cobalt content is
required to obtain desired attributes for writing, as well
as reading for thin £ilm heads. The motivation of this
patent was to come up with a new range of high cobalt in
CoNiFe alloys, as shown in Figure 5. This patent discloses
two different types of Dbaths, one with low salt
concentrations, and the other one with high salt bath
.composition depending on the current density which is being

used. The specific examples of disclosed baths are

presented in the Table 2.

13



Table 2. Examples of an electroplating low and high salt

bath composition(4) .

Composition Low Salt Bath High Salt Bath
{ weight/Liter) (weight/Liter)
CoS04 . 7H20 48.0 100
NiCl2.6H20 8 28
NiS04.7H20 --- 13.4
FeS04.7H20 4 12
H3B03.7H20 25 25
NaCl 25 25
Stress 1.5 1.5
relieving
Agent
Wetting 0.05 0.05
Agent

Table 3. Typical properties of

CoagNijgFe,q plated £ilm(4) .

Properties Measured
Thickness 2um
47Ms 16 Kgauss
Hc 1.5 Oe
Hk 10 Oe
Permeability 1600

14



On the basis of this patent and other previous work, it
seemed logical that the focus of the thesis be around the
high cobalt range of zero magnetostriction line of CoNiFe
ternary diagram, as is shown in Figure 6. Besides the
composition of the bath, pH, temperature and current density
there are some other important factors, like agitation and
circulation of the solution, which are related to the
apparatus adapted for plating system. In this thesis the
Read-Rite Corporation electroplating system was used to

develop and optimize the bath. This is discussed in the

next section.

15



2. EXPERIMENTAL METHODS

The experimental methods and apparatus usedl for the
electrodeposition and characterization of CoNiFe alloy and
the testing of thin films are described in this chapter.
The first section is devoted to the electroplating of the
thin films. The second section describes the
characterization of their magnetic properties. The third
section covers the experimental methods used to investigate
the thin film structure and composition, and finally in the

fourth section the experimental plan is detailed.

2.1. Preparation of CoNiFe Thin Film

The thin film is prepared by electrodeposition of the
CoNiFe onto a glass thin wafer, which has around 15004
sputtered NiFe seed layer. The deposited seed layer, which
is on both sides of the glass substrate, has two functions.
First, it makes the substrate conductive for electroplating

and second, it provides a seed for growing the plated film.

2.2, Electrodeposition of CoNiFe

In electrodeposition, four basics are required: an
electrolytic solution containing metal salts dissolved in
solution as ions; an anode; a cathode; and a DC or pulse

power supply. Plating is initiated when a DC current is

16



passed through the electrolytic solution. The cations are
attracted toward the cathode, or negative elect§9de, the
anions draw towards the positive electrode. Thelsolution
close to the cathode is the catholyte and that adjacent to
the anode is called the anolyte. At the c¢athode, the
reduction and simultaneous deposition of hydrogen occurs,
while at the anode oxidation and evolution of oxygen take
place. Since solutions of acids and bases are the best
electrolytic conductors, the plating solutions are generally
formulated to be either acidic or basic. Although migration
of ions accounts for the overall conductivity of
electrolytic solutions, usually diffusion plays a large role
in bringing the ions to be discharged to the face of the
cathode, which is the substrate. The number of grams of the
deposited metal at the cathode is calculated from Faraday's

law(®) and for 100% plating efficiency one can write:
G =1I=e t/96500 (2.1)

where I is the current in amps, e the electrochemical
equivalent weight* in grams and t the time in seconds.

In binary alloy plating the electrochemical equivalent

of the alloy is calculated as following:

* The electrochemical equivalent weight of an element or compound is its
atomic (or molecular) weight divided by the valence change or number of
electrons involved in the reaction

17



eq = ey ex / (fg e1 + f1 ey ) (2.2)

where e is the electrochemical equivalent of the élloy, eq
and e; are the electrochemical equivalents of the two
metals, £, and £, are the fractions by mass of the
respective metals in the alloy; £, + f5 =1. This calculation
for ternary plating becomes rather complicated; however, for
big variations in composition the change of e is fairly
small and usually can be neglected. By assuming that the
amount of e remains constant and the efficiency of the
plating is close to 100%, one can keep the amount of

deposited metal ‘constant by :
I Xt = Constant (2.3)

Based on this, at different current densities the different
plating times can be calculated in such a way that the

amount of deposit and consequently the thickness of the

plated film remains constant.
In alloy plating two conditions must be met:

1) at least one of the metals must be deposited

independently.

18



2) their deposition potentials, or the standard
potential in the table of electromoti\{g force,
must be fairly close or should be brought
close together by complexing.

In alloy plating an electrode can have only one potential
at a time and for two Oor more reactions to take place at the
same time they should happen at the same potential.

By
considering the Nernst Equation:

E= E° + (RT/nF)ln a + P (2.4)

where P is the polarization or departure from equilibrium
conditions due to diffusion limited transport, for alloy

plating two different cathodic process should occur

simultaneously:

E1° + (RT/nF) 1ln a; + P = E2° + (RT/nF) 1n as + Pq (2.5)

where E° 1is a constant characteristic of the metal
electrode, R the gas constant(8.314 J K-! mole-l), T the
absolute temperature, n the valence change(number of
electrons taking part in the reaction), F the Faraday's
constant, a the activity of metal ions.

Since Py and Py cannot be vastly different, for alloy

plating to take place either E;° and Ep°, i.e. the standard

19



potentials, must already be close together or the activities
should be adjusted by means of complexing agents to make the
equation valid. As a general guide, if the “standard
potentials, in the table of electromotive force series, are
within 200 mV of each other the codeposition should take

place. The electromotive force series is shown in Table 4.

Table 4. The electromotive force(emf) series(9).

Electrode Potential (V) Electrode Potential (V)
Li= Li -3.045 Co = Co** -0.277
Rb = Rb* -2.93 Ni = Nj** -0.250
K=K -2.924 Sn = Sn** -0.136
Ba = B’ -2.90 Pb = Pb** : -0.126
Sr = Sr** -2.90 Fe = Fe** -0.04
Ca = Ca* -2.87 Pt/H, = H* 0.0000
Na = Na’ -2.718 Sb = Sb** +0.15
Mg = Mg -2.37 Bi = B +0.2
Al = Al -1.67 As = As™ +03
Mn = Mn*" -1.18 Cu = Cu** +0.34
Zn = Zu’ -0.762 Pt/OH = O, +0.40
Cr = Cr* -0.74 Cu = Cu* +0.52
Cr = Cr* -0.56 Hg = Hg?* +0.789
Fe = Fet* -0.441 Ag = Ag' +0.799
Cd = Cd*- -0.402 Pd = Pd* +0.987
In = In" -0.34 Au = Au™ +1.50
M =1 -0.336 Au = Au’ +1.68

As can be seen, the standard electrode potential of Fe,
Ni and Co are 191 mV apart which indicates that they can be

plated satisfactorily from the same type of solution without

requirement of complexing agents.
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The metal content of alloy plating baths must be
replenished, usually by anodic solution. If one constituent
of the alloy is a relatively minor one, the main coﬁstituent
may be used as an anode and the minor one is replenished
chemically.

As was described before, the variables that can be
controlled in alloy plating are: composition of the bath,
PH, temperature, current density, and agitation. These
factors require stringent control because a change in one of
them will affect one of the constituents of the alloy more
than the other and thus change the composition of the
deposit. How these variables will affect the deposit should
be determined empirically; however, in CoNiFe plating the
following can be used as a guideline.

An increase in current density will increase the
proportion of the less noble metal, in this case Fe. From a
theoretical point of view, Ni-Fe and by the same token
CoNiFe alloy plating is interesting because it exhibits
anomalous codeposition; that is, the less noble metal, Fe,
deposits preferentially to the more noble metal. For
instance, where the ratio of Ni**/Fet+ in solution of
different Permalloy baths varies from 30:1 to about 70:1,
the ratio in the plated film is about 4.3:1(6). The less
noble metal, Fe, appears at unexpectedly high concentration

in the deposit. Among the several explanations, the one
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which is most consistent with the observations is the model
of Dahms and Croll{l0). They note that H, evolution during
deposition will cause a local pH rise near the électrode
surface, which causes the precipitation of Fe(OH); in the
vicinity of the electrode surface. Such hydroxide
precipitation has been known(10) to impede the discharge of
other metal ions, and thus suppresses the deposition of Ni
but permits a high discharge rate of Fe2+-

In another report the effect of temperature and pH has
been studied on anomalous codeposition of Ni-Fe{10) based on
the claim that the deposition of Ni-Ee alloy proceeds with
simultaneous Ni2+ discharge under activation control, Fe2+
discharge under mass transport, and Hy evolution under mass
transport control. This will explain the role of agitation
in the bath. In some experiments which were done by the
author it was noticed that without the agitation the amount
of Ni in the deposited film would increase, which is an.
indication of different discharging mechanisms for Ni2+ and
Fe2+ ions.

A schematic diagram of a plating station is shown in

Figure 8. The cell is designed for plating 4" square

wafers.
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Figure 8 Schematic Diagram of plating station(11),

2.3. Magnetic Characterization of Plated Thin Films
Among the most important magnetic properties of the
thin film for magnetic recording heads are: saturation
magnetization(4nMg), coercivity (Hg), anisotropy (Hy),
saturation magnetostriction coefficient (K;) anisotropy
dispersion (090) and permeability(p), as mentioned in the

previous chapter. These parameters are measured by a M-H

loop tracer.

2.3.1. MH and BH loops

A typical MH curve for soft magnetic material,
with uniaxial anisotropy and low coercive force is shown in
Figure 9(12) and the BH loop curve for a typical thin film

head material is presented in Figure 10 (since B - H= 47M, a
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BH curve for a soft feromagnetic material, where B»H, will

differ from an MH curve only by a factor of 4m applied to

the ordinate).

lrutial magnetization
curve *

Figure 9. Typical easy and hard direction hysteresis loops
of an anisotropic film(12),

In Figure 9 the following notation is used:

(1) H. is the coercivity in the easy direction.

(ii) The hard direction hysteresis loop has
coercivity Hgp.

(iii) Hy, is the anisotropy field. It is the field
required to rotate the magnetization
coherently from the easy to the hard
direction against a uniaxial anisotropy.

In this case Hy is given by : Hy= 2K/Mg
for a film with uniaxial anisotropy constant
K and magnetization Mg.

(iv) The easy direction remanence is M,.
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Figure 10. Typical B-H loop of plated NiFe film.

(courtesy of Read-Rite)

2.3.2. Magnetic Units

Although M, the magnetization, is the wvariable which
most clearly describes the magnetic state of a specimen,
many phenomena are best descrikted in terms of the magnetic
flux density, B. The relationship between B, H, and M is
expressed differently in the two most common systems of
units. In this report and from now on the MKSA system will
be used with the older cgs-emu system in parenthesis. The
defining relationship is:

B=pg (H+ M) { B= H + anmM} (2.6)

where yg = 4n10-7 henry/meter is the permeability in free
space and B is expressed in weber/meter?. B can also be

expressed in gauss. The gauss (10°% Weber/m2) is most
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typically used in industry. The MKSA unit for H and M is
the ampere/meter. The cgs unit for H is the oersted. The

unit of 4mM in the cgs system is gauss.

2.3.3. Requirement of Thin Film Head Material

The main requirements for the desired head, which
contains a film of soft magnetic material, are high
saturation magnetization, Mg (because the head, which acts
as a transducer must provide an intense magnetic field at
the surface of the medium to write the digital transition),
large permeability (easily magnetized) over a wide frequency
range, low coercivity (H, represents the field necessary to
reduce the magnetization to zero), small saturation
magnetostriction constant, Ag (to minimize the magnetic
misbehavior of the material under stress) and good thermal

stability within -20°C to 85°C temperature range.
2.3.4. M-E Loop Tracer

A hysteresis loop tracer, SHB instrument model 108, is shown

schematically in Figure 11.
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Figure 11 Schematic Diagram of M-H loop tracer(3),

The instrument has three components: a pair of Helmholz
coils, which produce drive field; a pick-up coil, which
surrounds the sample and measures the moment of the sample;
and finally the oscilloscope. The compensated pickup

voltage, after integration and amplification, is fed to the

vertical plane of the oscilloscope so that a hysteresis loop

is generated. The data from oscilloscope is then digitized
into a PC and consequently displayed on a computer screen.
The Mg value printed out by the loop tracer is not the real

magnetic moment, but the magnetic flux through the sense

coil. A calibration factor based on thickness needs to be
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used to calculate the actual magnetic moment of the sample

according to the following formula:
Mg = Bg(nw) / 114.808 X t (Cm) (2.7)

Coercivity, H,, and anisotropy, H,, is measured by MH
tracer directly and the saturation magnetization constant,
ksl is measured indirectly. When a sample film deposited
on a glass test wafer is under a known stress, its
anisotropy (Hg) changes. This change in H; is related to

saturation magnetostriction coefficient, A, by:
Ag = Mg AH,/ 3 © (2.8)

where M; is saturation magnetization, AH, is the change in
anisotropy and o6 is the applied stress. Since the
calculation of the stress (06) can not be done accurately,
the calculation of Ag; is not possible. However, it can be
assumed that the stress is constant because the fixture,
which is used to bend the wafer, is applying the same stress
all the time, and the substrate thickness is also the same.
By using the constant stress assumption, the A, of CoNiFe

can be related to the A; of NiFe by the following equation:

ASconiFe/MSnire = (MSconire/MSnire) (AHKoonipe/AHkyipe) (2.9)
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2.4. PFilm Thickness, Composition, and Structural Analysis

2.4.1. Thickness Measurement

For thickness measurements a special mask was used to
lay down five 1 mm diameter circles of photoresist on the
center of the wafer and on the center of each quadrant, as

shown in Figure 12.

Figure 12. Photoresist mask layout for thickness

measurement.

After plating the glass test wafer, the photoresist was
stripped and the thickness of the plated film was measured

with a Dektak profilometer.
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2.4.2. Energy Digpersive X-ray Microanalysis (EDX)

The analyses of the samples were done by Energy
Dispersive X-ray Microanalysis(EDX). The EDX micr®analysis
is one of the easiest and best methods for analyzing thin
film samples. The technique is practically nondestructive
and requires no sample preparation. In EDX microanalysis,
electrons of appropriate energy impinge on a sample and
cause the emission of X-rays whose energies and relative
abundance depend upon the composition of the sample.

Components of a typical energy dispersive microanalysis

system are shown in Figure 13.

Electron

column
Si(Li)
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Electrons /‘/\_> Pulse J \ Energy-to-
/ Preamp processor digital
converter
Y X-rays
Sample
Video |-~
— Multi-

channei
analyzer
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Y

Disk Mini
slorage |~ - .
system computer

Figure 13. Components of a typical EDX system(13),
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2.4.3. X-Ray Diffractometer

The X-ray diffraction technique is used to ide_gtify the
structure of the sample. X-ray diffraction is an extremely
powerful tool in the study of internal structure of
materials. The technique works on the basis of the Bragg
equation which describes the condition for constructive
interference for X-ray scattering from atomic planes of a
crystal (14) ;

2d sin 6 = nA (2.10)

where d is the distance between the planes of the crystal, 0
is the diffraction angle, and A is the wavelength of the
incident radiation. Diffraction occurs from crystallites
which happen to be oriented at the angle to satisfy the
Bragg condition. From the diffraction pattern, crystal

structure of the material can be determined.
2.5. Experimental Procedure

2.5.1. Plating Station

The Read-Rite Corporation plating setup was used to
develop the bath. The schematic diagram of the station was
shown previously in Figure 8. The station consists of one

cell with reciprocal paddle movement designed for 4 inch

square wafers.
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2.5.2. Bath Makeup and Chemistry

First, deionized (DI) water was used to determine the
minimum bath level to achieve effective circulation. This

turned out to be 60 liters. Once the volume was determined,

the bath was made up to achieve the composition shown in
Table 5. This bath composition was chosen according to the

Anderson's patent discussed in Section 1.4.

Table 5. Bath makeup and chemistry.

Compogition weight (g/1) Conc. of
Dischargeable Ions
{g/1)

CoS04-7H20 100 Cot+ 20.97

NicCl2-6H20 28 Nit++ 6.92

Niso4-7H20 13.4 Nit++ 2.80

FeS04 -7H20 12.8 Fett 2.41

H3BO3'§HZO 25

NaCl 25

Na-Saccharin 1.5

Wetting Agent 0.05

After the bath makeup,

chem-lab facility in Read-Rite,

the bath was analyzed, by using the

to ensure that the desired

chemical composition had been achieved.
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2.5.3. Bath Designs

The design of the bath and the experiments were done in
two Phases. 1In Phase I, by varying the current density, the
film composition resulting in the best properties was
determined. In Phase II, the current density was kept at 3
mA/cm2 while the bath composition was varied until the
desired film composition, determined in Phase I, was

achieved.

Phase I
The operating parameters for the plating bath were:
PH = 3.0, RPM of the paddle = 40, which is the maximum

without splashing the solution out, and the temperature =

30.0 £ 0.3 °C. These are close to the current setups for
NiFe plating in Read-Rite Corporation. They were chosen,
based on the following considerations(4), to achieve

acceptable plating.

pH: Can be in the range of 2.5 to 3.5.

Temperature: 25 to 35 °C.

Paddle Speed in revolution per minute(RPM): The faster the
better. The faster the paddle agitation, the thinner the
diffusion layer. The diffusion layer is the layer close to
the cathode with different composition than the bulk
solution. As was mentioned before, the diffusion layer

plays a large role in bringing the dischargable ions to the

33



face of the cathode (substrate). The thinner the diffusion
layer is, the better ions can be replenished and discharged

from bulk solution.

The desirable composition range for the plated film is shown

in Figure 14.
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Figure 14. Expected composition range for the plated

film(4) .
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Based on the discussion of patent results in Section
1.4, the desired film composition must be in themrange of
Coq,.87 Niz_ 59 Feg ;3. However, the ratio in the pléting bath
is : Co:Ni:Fe : 63:30:7. 1In order to change the plated f£ilm
composition to study a series of plated films with different
compositions, either the bath chemistry needs to be changed
or the current density. Since changing the bath chemistry

is very cumbersome and time consuming the alternative was

chosen.

Phase II

A3 mA/cm2 current density was used, since prior
results show that the composition gradient across the
topology of the thin film structure is minimum at this
current density and an acceptable plating efficiency is
maintained.

Modifying the bath was done by small additions of
CoS04-7H20 and FeS04-7H20 to the bath at a time and running
the test wafer at 3 mA/cm? to achieve the desired
composition, thickness and magnetic properties. The final
acceptable sample was sent out for X-ray Diffractometry to
determine crystal structure.

Figure 15 shows a flow chart, which represents the

methodology of Phase II of the experiment.
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Figure 15. Flowchart representing the methodology of

Phase II.
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3. RESULTS AND DISCUSSION

3.1. Bath Control

CoNiFe plating, 3just 1like any other electrolytic
plating process, requires stringent control of the operating
parameters. The operating parameters for the plating bath,
as was mentioned in the experimental procedure section, are:
temperature, pH, agitation, and chemistry of the bath. In
this section the mechanism of controlling the operating

parameters is discussed.

3.1.1. Température

To maintain the temperature of the plating cell within
the range specified, for CoNiFe plating, i.e., 30%0.3 °C, a
heat exchanger unit is used in the bath. Polyethylene heat
exchange coils line the inside of the reservoir and are
connected to a temperature controller unit. The unit heats
up the bath or removes the heat, based on the signal inpﬁt
from a thermometer inside the plating cell. The trend chart
for the variation of temperature for some of the plated
test wafers is shown in Figure 16. Temperatures were
recorded at the beginning and end of the plating cycle. As

can be seen, the variation of the temperature is well within

the specified range.
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Figure 16. Temperature variation of the bath for the

test wafers.

3.1.2, pH

In oxder to monitor the pH of the bath and maintain it
within the specified range, i.e: 3.0+0.5, an on-line pH
meter was used. The pH meter consists of a pH/reference

electrode assembly, fitted to the end of the hermetically

sealed tube, which protrudes downward from the top of the
tank into the plating bath. A digital microprocessor-based

PH controller displayed the bath pH continuously. The

controller is capable of resclution and accuracy of +0.01 pH
unit. To ensure that the pH readings were accurate, a sample
of the: solution was taken and the pH was checked with an
outside calibrated pH-meter on a daily basis. Figure 17
shows the trend chart of pH variation during plating of some

of the wafers.
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Figure 17. pH variation of the bath during plating some of

the test wafers.

3.1.3. Bath Chemistry

To control the bath chemistry, the bath was analyzed

twice a week for Co, Ni, and Fe+t* determination. The

analysis of the bath was done by using the inductively

coupled plasma-atomic emission spectrometry (ICP-AES). The

working principle of ICP-AES is 1like the other atomic

emission spectroscopy, where the sample is subjected to very

high temperature. The temperature is high enough to cause

not only dissociation of the sample into atoms but to cause

significant amount of collisional excitation(and ionization)

of the sample atoms. Once the atoms or ions are in their
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exited states, they can decay to lower states through

thermal or radiative(emission) energy transitions. In AES,
the intensity of the light emitted at specific wavelengths
is measured and used to determine the concentrations of the

elements of interest. In ICP-AES, argon-supported

inductively coupled plasma is used as a source for

electrical discharge which in terms acts as a thermal source
to dissociate sample molecules into free atoms{(15). Figure
18 presents the analyses data for Co, Ni, and Fe*+ in the

course of the experiments.
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Figure 18. Chemical analyses data.
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Constant composition of the plated alloy requires
unchanging Co, Ni, Fe ,and pH in the plating bath. During
plating Co, Ni, and Fe*t* are consumed and the pH will rise
due to H; discharge at cathode. The consuming rate depends
on the plating current density. In order to maintain
constant bath concentrations of these substances in the
process, the plating solution is automatically replenished
with an automatic add-back system. The add-back system
contains hydrochloric acid, cobalt sulfate heptahydrate, and
iron sulfate heptahydrate, and deionized (DI) water. The
replenishment of Ni is done by the Ni-anode. Based on the
following calculations a solution containing 3.25 ml of HC1,
25.5 g ofCoS04.7H20,2.94 g of FeS04.7H20 per one liter of
deionized (DI) water was prepared and metered into the bath
at the rate of 1 cc/min during the plating cycle.

By assuming a film composition of CoggNi;gFe,q and a
measured plating rate of 7.8434 X 10-¢ cm/min, the amount of

depleted Co and Fe in g/min was calculated, as follows:

Co(g/min)= 7.8434X10°6 X95.75X8.9X0.8
= 5.35X10"3
Fe(g/min)= 7.8434X10-6 X95.75X7.86X0.1

= 5.91X10"4
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where 95.75 is the area of the plated test wafer in cm?2,
8.9 is density of Co in g/cm3, and 7.86 is the density for
Fe in g/cm3.

The calculated amounts correspond to addition of
2.55X10°2 g/min of CoSO04,7H20 and 2.94X10°3 g/min of
FeSO4,7H20. The amount of the addition of the HCl to the
addback solution was based on the author's experience with
the behavior of NiFe bath and assuming the similarity
between that and the current CoNiFe bath, regarding the pH

variation, during plating.

3.1.4. Specific Gravity

In the course of the experiments, it was noticed that
the bath becomes concentrated and its volume decreased
because of evaporation. Although the proportion of
deionized (DI) water used in the formulation of add-back
solution was increased to the maximum amount, the automatic
add-back system was incapable of compensation of the
evaporative loss of bath volume. It was decided to monitor
the specific gravity of the bath on a daily basis, and keep
it constant by addition of deionized (DI) water to the bath.
The specific gravity of the bath was measured by using a

specific gravity hydrometer.
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3.1.5. Agitation

The 60 liter reservoir supplies fresh filtered plating
solution to a paddle-cell continuously. The plati;g cell is
equipped with 0.05 hp magnetically coupled centrifugal pumps
and submicron filter assembly. Solution enters the pump
from an outlet near the bottom of the reservoir. Schematic
diagram of the plating station was shown in Figure 10
previously. Agitation in the cell is controlled by a
paddle. As was mentioned before, paddle speed is monitored
in revolutions per minute(RPM). The higher RPM, the thinner
the diffusion layer which brings the dischargable ions to
the face of cathode(wafer). The thinner the diffusion layer
is, the better ions can be replenished and discharged from
bulk solution. The RPM of the paddle was selected to be 40,
which is the maximum without splashing the solution out.

Paddle speed is monitored on a meter with accuracy of 0.2

RPM.

3.2. Evaluation of the Plated Film

Compositional analysis, magnetic properties, thickness,
roughness, and hardness of the plated films were the
properties that were evaluated. In this section the

characterization of the plated CoNiFe film will be

discussed.
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was discussed before, the first set of experiments
to determine the current density which produced the
plated film composition. A series of g]..:ass test
seeded with NiFe seed, layer and masked with the
shown in Figure 12 was run at seven different

densities. Table 6 shows the experimental test and

measurement matrix for the set of experiments.

Table 6. Experimental test and measurement matrix.

Current Magnetic Composition Thickness
Density properties (EDX) (Dektak)
(mA/cm?) (ME-Looper)

3 X X X

4 X X X

5 X X X

6 X X X

7 X X X

8 X X X

9 X X X

11 X X X

13 X X X

15 X X X

20 X X X

30 X X X
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To obtain multiple points for each measurement, three test
wafers were run at each current density.

The thickness target for the samples was 2.01; 0.2 Qm.
The specification range for the thickness target was chosen
based on the current uniformity data across the 4 inch wafer
for NiFe plating.

After measuring the film composition and magnetic
properties, the optimum film composition was selected based
on the highest saturation magnetization, 4nMg, zZero
magnetostriction constant, Ag, low coercivity, Ho, and low

anisotropy field, H.

3.2.1. EDX Measurements of the Film Composition

The EDX system was calibrated with the FeNiCo
NIST(National Institute of Standard & Technology) Standard
reference material sample, and then the repeatability of the
measurements was checked by measuring the standard for 10
consecutive times. In Table 7 the measurement data for

repeatability test is presented.
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Table 7. NiFeCo NIST-Standard Measured on the EDX.

Test No. | Fe Wt.% Ni Wt.% Co Wt.% Nb Wt.% Ti Wt.% Al Wt.%
1 40.95 38.50 16.62 2.03 1.47 0.43
2 41.34 37.83 16.87 2.08 1.38 0.51
3 41.30 37.61 16.75 2.03 1.37 0.98
4 40.72 38.55 16.54 2.19 1.49 0.49
5 41.11 38.13 16.89 2.00 1.42 0.46
6 41.16 37.99 16.94 2.10 1.39 0.42
7 41.80 37.59 16.82 1.95 1.39 0.45
8 41.52 37.66 16.87 2.05 1.47 0.43
9 41.59 37.89 16.83 1.96 1.30 0.43
10 41.85 37.75 16.59 1.98 1.37 0.45
Mean 41.33 37.95 16.77 2.04 1.41 0.50
Std.dev. 0.36 0.35 0.14 0.07 0.06 0.15
Nominal 40.50 37.78 16.10 2.99 1.48 0.99

Based on the results, the standard deviation of the EDX
measurements are: 0.36 wt.% for Fe, 0.35 wt.% for Ni, and

0.14 wt.% for Co.

3.2.2. MH loop Measurements of the Plated Film

The magnetic properties of the plated films were
measured on a SHB instrument model 108 M-H loop tracer. The
schematic diagram of the M-H loop tracer and its components

were presented in Figure 11 (previous chapter). A MH loop
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of a typical CoNiFe plated film along with a MH loop of NiFe
plated film, which is the current material used for the core

of the thin film head, are presented in the Figureijg,
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Figure 19. Typical MH loop traces for Plated (a) NiFe and

(b) CoNiFe (Courtesy of READ-RITE).

In a simple study to measure the repeatability of the

MH loop tracer one of the samples were measured five times.

The data are presented in Table 8.
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3.2.3.

diameter,

Table 8.

Repeatability Study of the M-H loo tracer.

Measurements No.1 No.2 No.3 No.4 NO.5S Sté:Dev.
Bgp (nW) 419.7 | 419.8 | 412.3 | 419.6 | 4a19.4 3.28
Hpp (Oe) 11.58 | 11.53 | 11.38 | 11.44 11.58 0.09
sp) (Oe) 0.83 1.01 1.01 0.94 0.81 0.10
Hoph (Oe) 0.6506 | 0.6671 | 0.6475 | 0.604¢ 0.6761 0.03
Bge (nW) 419.3 418.9 411.7 419.0 419.0 3.29
Bro (W) 408.4 | 408.2 | 408.0 | 408.3 408.8 0.30
Heoe (Oe) 2.232 | 2.233 | 2.230 | 2.229 2.228 0.002
Tref (nwW) 417.1 | 416.1 | 408.8 | 416.0 416.1 3.40

Dispk 0.3710 | 0.3726 | 0.3776 | 0.3756¢ 0.3710 0.003
S0% (deg)
Disgk 1.051 [ 1.055 | 1.006 [ 1.064 1.051 0.02
90% (degq)
Skew (deg) - - 0.6015 - - 0.09
0.6588 | 0.5156 0.4583 | 0.6588
The standard deviation of the measurements

presented in the last column of the table.

Thickness Measurements of the Plated Film

are

By laying down five circles of photoresist with 1 mm in
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wafers, and removing the resist, five steps for thickness
measurements were defined. Then a DEKTAK 3030 AUTO 1II
surface profile measuring system was used to momitor the
thicknesses of plated film. The measurements on DEKTAK
systems are made electromechanically by moving the sample
beneath a diamond-tipped stylus(16) The stylus is
mechanically coupled to the core of an Linear Variable
Differential Transformer (LVDT) . An analog signal
proportional to the stylus movement is generated by LVDT,
which in turn gets digitized in computer memory for display.

In Figure 20 the thickness variation for the plated

wafers is shown.
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Figure 20. Measured thicknesses for the plated wafers.

Based on the results the typical variation in thickness

across a plated wafer is well within 2.0 * 0.15 pm.
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3.2.4. Roughness Measurements of the Plated Film

For roughness evaluation, the tapping mode of an Atomic
Force Microscope(AFM) was used, and two 7um plated CoNiFe
film and NiFe plated film were measured. The NiFe film was
used as a comparison. The NanoScope III Large Scanning
Probe Microscope (LSSPM) was the AFM used for the
measurement. The system relies on a laser interference
method to detect the deflection of the cantilever. Figure
21 depicts the cantilever deflection detection system and

its relationship to the sample.

"/L////// \

Laser Diode : ‘

Reflected Light \

Emitted Light: Beam 1

Cantilever
Substrate

. ' Cantilever
Tip ; Sample
\\\.\\\\\\\\\\\\\\\‘

Figure 21. Cantilever Deflection Detection System of the

AFM(17) |
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The roughness analysis of the samples are presented in
Figures 22 and 23. As can be seen, the mean roughness of

CoNiFe is 42A in comparison to 62A for NiFe

3.2.5. Hardness Measurements of the Plated Film

The same samples used for roughness evaluation were
used for hardness measurements. Hardness was evaluated by
using a BUEHLER MICROMET 3 microhardness tester. The plated
film thickness was 7um, based on the selected gram load, to
ensure reliable readings, and the films were plated on the
rigid Alsimag(Al203+TiC) substrates with 10um  Al203

underlayer.

The hardness measurements are presented in Table 9.

Table 9. Hardness measurements of the plated NiFe and

CoNiFe.
CoNiFe Hardness (Knoops) NiFe Hardness (Knoops)
347.7 392.6
305.9 422.9
328.6 447.3
417.2 ' 422.9
397.8 498.9

On the average the Knoop hardness of CoNiFe is 359

while the average Knoop hardness for NiFe is 437.
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Figure 22. Roughness Analysis of NiFe.
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Figure 23. Roughness Analysis of CoNiFe.
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3.2.6. Current Density versus Composition and Magnetic
Properties

Three test wafers were run for each current deasity: 3,
4, 5, 6, 7, 8, 9, 11, 13, 15, 20, and 30 mA/cm?. As was
shown before, the thickness of the wafers was kept within
2.0 = 0.2um. The current density dependency of the film
composition is shown in Figure 24. An increase in current
density has increased the proportion of the Fe, the less
noble metal, at the expense of Co and to some extent Ni.
The data show that increasing the current density from 3 to
30 mA/cm? has increased the Fe by 3.6% along with a decrease

of Co by 2.2% and Ni by 1.4%.

Composition of Electroplated Film versus Electrodeposition Current Density

100.00
e 80.00 % B m @ Aan [ ] = ] 1§ u
S " Co
E  60.00
E O Ni
: 40.00
= * Fe
= 20.00 .
000 78 dasdsd 6 o & a o

3456 7 8 91011121314 151617 18 1820 2122 23 24 25 26 27 28 29 30
Plating Current Density { mAjem?2)

Figure 24. The dependency of current density on the film

composition.

54



Bg, Hy, easy and hard axis coercivity of the plated

films versus the electroplating current density are shown in

Figures 25, 26, and 27 respectively.
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Figure 25. Bg of the plated film verses electrodeposition
current density.
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Figure 26.

Hy of the plated film verses electrodepositon

current density.
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Figure 27. Easy and Hard Axis coercivity versus

electrodepositon current density.

Based on the data, it is concluded that ¢ mA/cm? is the

optimum current density because the Bg is maximum, and Hp,

and H, are minimum. At this current density, Hgx = 13 Oe,

Hee = 1 Oe, Hee = 1.5 Oe, By = 440nW( = 16000 gauss), A is

negative and close to zero. The composition of the f£ilm

plated at 9mA/cm? is:  Cogy 4 Nig ; Fejq o, which is the

optimum film composition.
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3.2.7. XRD and Structural Evaluation

One plated glass test wafer with the optimum
composition was sent out for X-ray Diffraction to identify
the crystal structure. The XRD chart of the sample is shown
in Figure 28. The major peak appeared at 44.5° which
indicates that the film consists of a &-Co (0002) hexagonal

close-packed (hcp) structure.

4880 -WWWMMM

180 4

a T T T T T T
28 48 60 a8
828835_2.p4a1 2Th/0mnfdegree:

Figure 28. The XRD analysis of the CoNiFe plated f£ilm.
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3.3. Modification of the Bath and Optimization of the

Compositional Gradient across the Topology of Thin Film

Structure

Typical topology of the thin film head was shown in
Figure 14 previously. The compositional gradients result
from the variation in current densities from point to point
due to the complex shape of the object being plated(6). a
substantial compositional gradient along the surface of a
magnetic recording head element will affect the magnetic
recording performance of the head adversely. In NiFe
plating, the compositional gradient can be minimized by
using a low current density for plating the film(6), In
order to verify this phenomenon for the CoNiFe plating, two
wafers with P2 layer topology were plated:‘one at 9 maA/cm?,
the desired current density, and the other one at 3 mA/cm?,
the minimum current density with an acceptable plating
efficiency. The EDX analyses of the thin film head after
cross sectioning are shown in Figure 29 (refer to P2 layer

topology in Figure 3).
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Figure 29. EDX Ahalyses of the Cross Sections for 3mA/cm2
and 9mA/cm2.
The data, shown in Figure 29, are the average of 20

samples measured on each wafer. In Table 10 the differences

in composition for three parts of the thin film structure,

namely: yoke, pole tip, and backgap are shown.

Table 10. The compositional differences for 3 and 9 mA/cm2.
Xco(Yoke) | Xy (Yoke) | Xp, (Yoke) Xeo (Yoke) | Xyy; (Yoke) | Xggq (Yoke)
Xco (Pole) | Xyj (Pole) | Xpe (Pole) Xoo (Back- | Xy4 (Back- Xpe (Back-
.z gap) gap) gap)
3mA/cm2 -0.12 -0.10 0.01 0.80 -0.50 -0.26
9mA/cm2 0.40 0.29 0.0% 0.72 -0.49 -0.25
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Based on these results, the uniformity across the
topology for 3 mA/cm? is better. This confirms the previous
theory that 1lowering the current density impreves the

compositional gradient across the topology of the thin film

structure.

In order to modify the bath to achieve the optimum

composition, i.e. Cogy 4 Nig ,; Feyp.9, at 3 mA/cm? current

density, the methodology shown in Figure 14 was used. First

by addition of FeS04,7H20 the amount of Fe was brought up,

then by addition of CoSO4,7H20 the amount of Co was

adjusted. The response of the bath to additions along with

all the EDX analyses are shown in Figure 30. The data are

presented in appendix A.
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Figure 30. Film composition verses additions during bath

modifications.
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As is shown, roughly each addition of 10 g of
FeS04,7H20 increased the Fe by 0.1% , lowers the Co by 0.1%,
and each 100 g of CoSo4, 7H20 increased the amount of Co by
0.2%. The concentration of dischargable ions in the

modified bath was: Co**=23.8, Ni*++=9.6, Fet*+=3.6 g/l.

3.4. The Saturation Magnetostriction(ls) Evaluation

By using Equation (2.9) which was presented in Section
2.2.4, the saturation magnetostriction (Ag) of the plated
film with optimum composition was evaluated. The minimum
AH, for NiFe, which has been measured by the author is about
0.2 Oe, the measured ratio of MSconire/MSnire 1S around 1.61,
and the measured AH, for the plated film with optimum
composition was 0.32 Oe. By inserting the above value in
Equation(2.9), the saturation magnetostriction of the CoNiFe

can be related to the saturation magnetostriction of NiFe,

as follows:

}“SCoNiFe= 2.6 }"sNiFe (3 . 1)
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4. CONCLUSION

An electroplating bath for fabrication of CoNiFe thin
films was developed. The bath was optimized for fabrication

of magnetically soft CoNiFe thin films with high saturation

magnetization (Bg) , low coercivity (H.), and small
magnetostriction constant (Ag), suitable for the core of
thin film heads. The optimum composition was found to be

Cogz.4Nis ;,Fe10.9 with the anisotropy (Hg)= 13 Oe, hard axis
coercivity (Hg)= 1 Oe, easy axis coercivity (Hee)= 1.5 Oe,
saturation magnetization (Bg)= 440nW( =16000 gauss), and
small negative saturation magnetostriction coefficient (Ag) .
The resulting films were a single Phase with hexagonal
close-packed (hcp) structure. The plated films have a
roughness of around 42A and the microhardness of 359 knoops.

The above results lead us to conclude that the CoNiFe
ternary alloy electroplated films show promise for use as
high-Bg thin film cores in magnetic heads for hard disk

devices recording onto high-H, media.
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6. Appendix A. EDX data on bath modification

Table 11. EDX data and the additions of bath modification
EDX (CoNiFa) Addition

Co=83.98, Ni=7.57, Fe=8.45 lgr FeSo4, 7H20

Co=83.88, Ni=7.65, Fe=8.47 2gr FeSo4, 7H20

Co=83.91, Ni=7.55, Fe=8.54 2gr FeSo4, 7H20

Co=83.80, Ni=7.65, Fe=8.55 3gr FeSo4, 7H20

Co=83.86, Ni=7.61, Fe=8.54 5gr FeSo4,7H20

Co=83.62, Ni=7.67, Fe=8.72 10gr FeSo4, 7H20
Co=83.57, Ni=7.59, Fe=8.84 10gr FeSo4, 7TH20
Co=83.35, Ni=7.76, Fe=8.89 5gr FeSo4, 7H20

Co=83.45, Ni=7.58, Fe=8.97 _5gr FeSo4, 7H20

Co=83.19, Ni=7.60, Fe=9.21 15gr FeSo4, 7TH20
Co=83.21, Ni=7.52, Fe=9.27 15gr FeSo4, TH20
Co=82.97, Ni=7.63, Fe=9.39 15gr FeSo4, 7H20
Co=82.79, Ni=7.62, Fe=9.59 15gr FeSo4, TH20
Co=82.59, Ni=7.54, Fe=9.87 20gr FeSo4, 7TH20
Co=82.27, Ni=7.59, Fe=10.15 30gr FeSo4, 7TH20
Co=81.89, Ni=7.65, Fe=10.46 30gr FeSo4,7H20
Co=81.75, Ni=7.57, Fe=10.68 20gr FeSo4, 7H20
Co=81.53, Ni=7.54, Fe=10.93 10gr FeSo4, 7H20
Co=81.53, Ni=7.66, Fe=10.80 S5gr CoSo4, 7H20

Co=81.66, Ni=7.49, Fe=10.86 20gr CoSo4, 7H20
Co=81.87, Ni=7.51, Fe=10.62 100gr CoSo4, 7H20
Co=82.32, Ni=7.29, Fe=10.39 200gr CoSo4, 7H20
Co=82.75, Ni=7.09, Fe=10.18 315gr CoSo4, 7H20
Co=83.13, Ni=6.94, Fe=9.93 200gr CoSo4, 7H20
Co=83.39, Ni=6.86, Fe=9.75 150gr CoSo4, 7TH20
Co=83.24, Ni=6.84, Fe=9.92 20gr FeSo4, 7TH20
Co=83.19, Ni=6.78, Fe=10.03 10gr FeSo4, 7TH20
Co=83.53, Ni=6.75, Fe=9.71 100gr CoSo4, 7H20
Co=83.66, Ni=6.86, Fe=9.48 100gr CoSo4, 7H20
Co=83.93, Ni=6.69, Fe=9.37 100gr CoSo4, 7H20
Co=83.66, Ni=6.78, Fe=9.56 20gr FeSo4, 7TH20
Co=83.47, Ni=6.64, Fe=9.89 30gr FeSo4, 7TH20
Co=83.80, Ni=6.45, Fe=9.75 300gr CoSo4,7H20 + 30gr FeS04, 7H20
Co=83.75, Ni=6.28, Fe=9.97 200gxr CoSo4, 7H20 + 50gr FeSO4, 7H20
Co=83.79, Ni=6.11, Fe=10.10 300gr CoSo4,7H20 + 40gr FeS04, 7H20
Co=83.90, Ni=6.15, Fe=9.95 50gr CcSo4, 7H20 + 10gr FeS04,7H20
Co=83.91, Ni=6.04, Fe=10.05 200gr CoSo4,7H20 + 50gr FeSO4, 7TH20
Co=84.24, Ni=6.03, Fe=9.73 100gr CoSo4, 7H20
Co=84.47, Ni=5.94, Fe=9.59 15gr FeSo4, 7H20
Co=84.36, Ni=5.93, Fe=9.70 15gr FeSo4, 7H20
Co=84.28, Ni=5.93, Fe=9.79 25gr FeSo4, 7H20
Co=84.04, Ni=6.00, Fe=9.96 30gr FeSO4, 7H20
Co=83.74, Ni=6.11, Fe=10.16 30gr FeS04, 7TH20
Co=83.54, Ni=6.04, Fe=10.41 50gr CoSo4, 7H20 + 40gr FeSO4, 7TH20
Co=83.54, Ni=5.96, Fe=10.51 40gr CoSo4,7H20 + 40gr FeS04, 7H20
Co=83.12, Ni=5.97, Fe=10.97 150g9r CoSo4,7H20 + 20gr FeS04, 7H20
Co=83.44, Ni=5.94, Fe=10.62
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